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Liquid—liquid phase separation in polymethylbutylene/polyethylbutylene blends near the
metastability limit was studied using small angle neutron scattd®AdNS). Our objective was to

study the relationship between quench depth Bpd the lower limit for the length scale of the
structures formed during the early stages of the phase tranéitimbe. During the early stage of

phase separation, the SANS profiles merged at a time-independent critical scatteringiyeide,

discuss different methods for estimating, and present arguments for the scaling relationship,
R.~1/g.. The theory of Cahn and Hilliard predicts that in metastable bldjdscreases with
increasing quench depth, and diverges at the spinodal. In contrast, our experimental measurements
showedR; increases with decreasing quench depth, and the location of the point Rjheneerges

lies between the binodal and the spinodal. Some aspects of our results are addressed in recent
theoretical work of Wang and WooflJ. Chem. Phys117, 481 (2002], wherein the effects

of fluctuations on the binodal and spinodal curves in polymer blends are incorporate2002
American Institute of Physics[DOI: 10.1063/1.1511512

I. INTRODUCTION critical length scale requires demonstrating #iesenceof
) ) ) growing structures with sizes smaller thRp, regardless of
Nucleation and growth is the universal process that Ungeir composition. This is a nontrivial task because tradi-
derlies phase transformations from a metastable noneqU|I|ql—ona| experimental methodé.g., microscopy and scatter-

rium state to a stable equilibrium stdt€° Classical nucle- ing) are mainly used to prove theresenceof certain struc-

ation theory:? which has been used to describe diversetures

phenomena Sth as crystallization, b0|I|ng,'and liquid-—liquid Recent experiments have shown that the size of the criti-
phase separation, is based on the assumption that these phas‘e . " :
cal’ nucleus can be measured in position space by time-

transitions are trigger the formation of micr ic nu- : : o
ansitions are triggered by the formation of microscopic Uresolved microscopy. Yawet al. studied crystallization of

clei. For simplicity, we restrict our attention to homogeneous roteins from rsaturated solutiddsin th Deri
nucleation, assuming that foreign objects that are in contad} 2'einS from supersaturated solutionst ese expen- -
with the system(dust, container walls, efcdo not effect ments, the characteristics of crystallites that happened to lie

nucleation. Growth of the new phase requires spontaneol¥! the bottom surface of the cell were observed by atomic
formation of nuclei that are larger than a critical size. We'Orce microscopy. It was found that crystallites with a certain
refer to this critical length scale &, . Classical theory as- COMPposition, size, and shape grew while others decayed.
sumes that the nuclei are small regions in space that have 4rasseet al. examined the formation of crystalline nuclei in
of the characteristics of the stable state. The relevant chara@-concentrated hard sphere suspenSidrhe state of a hard
teristics, which include concentration, density, crystal strucSPhere suspension is independent of temperature or pressure.
ture, etc., depend on the particular phase transition undépasseret al. thus prepared a metastable “homogeneous”
consideration. We refer to these collective characteristics agtate by shearing the sample. The growth of the crystallites
“composition” of the nuclei. Nuclei with sizes smaller than Was then observed by laser scanning confocal microscopy
R. or with compositions that are different from that of the after turning off the shear flow. They found that the larger
new equilibrium phase are nonviable and are predicted térystallites grew while the smaller ones decayed. While these
decay. The evolution of a metastable state into a stable one Vel experiments?® provide vivid evidence for the exis-
thus characterized by a complex collection of structures witiience of a critical length scale, some questions remain. The
differing sizes and compositions. interpretation of results obtained by Ya al. rests on the

If the decay of nonviable nuclei is rapid so that their assumption that the nucleation events occurring in the bulk
concentration is negligible, then proving the existence of aand those occurring on the cell surface are identical. The
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A of the critical nucleus, ignoring a constant prefactor, is thus

(a) 1/9..%

% The applicability of nucleation theory ends at the spin-
odal, the point at which the initial state of the system is
unstable to infinitesimal perturbations. The kinetics of

liquid—liquid phase separation in unstable mixtures is de-

scribed by Cahn'’s theory of spinodal decompositibff The

time dependence of the scattering profiles obtained during

log(q) spinodal decomposition depends on quench depth as well as

the mutual diffusion coefficient). During the early stages
of phase separation concentration fluctuations of a certain
(b) A characteristic wavelength grow most rapidly. The standard
signature of spinodal decomposition is a scattering peak at a

I; scattering vector that we cafj,. This scattering peak has

log(Intensity)

A 4

received considerable attention, and has been identified in a
wide variety of systems such as metals, glasses, polymer
blends, eté:?4~34

There is, however, another feature of spinodal decompo-
sition predicted by Cahn that has received much less atten-
tion. It is the fact that concentration fluctuations with char-
acteristic wavelengths smaller than a particular cutoff are
predicted to decay with tim&. This yields a critical scatter-

(©) ing vector, .. Thermodynamically unstable systems are
characterized by a singularity in the structure facfq)
located atg=q.. Thus,q. depends only on thermodynam-
ics. In contrastg, depends on both thermodynamigsiench
depth and kinetics(diffusion coefficien}. It is thus more
straightforward to compare. with theoretical predictions.

In simple mixtures, where @{ is much larger than mo-

> lecular length scales and the diffusion coefficient can be re-

log(q) garded as a constar,=v2q,. In systems such as poly-

FIG. 1. Schematic time-dependent scattering profilgensity vs scattering mers, E‘-,’Ygfreqc .Can. be com.pgrable to molecular length

vectop for blends wherey, is given by the(a) merging or(b) intersection of Scalesg’ the diffusion coefficient cannot be treated as a

scattering curves(c) Case where the merge point is time-dependent forconstant. This leads to more complicated relationships be-

times greater thaty, . tweenq, and dp-

The scattering signature gf. is not entirely clear at this
point. In some papers, e.g., Ref. 22, it has been proposed that
the time-dependent scattering curves should crosg. aas

presence of a sizable concentration of nonviafsimaller ~shown schematically in Fig.(fh). In other words, the scatter-

than R;) nuclei in the colloidal samples suggests that theing intensity would increase with time gt g, and decrease
shear melting did not eliminate all of the ordered crystalliteswith time atq>q.. However, the data shown in Ref. 22 to

The role of the remaining crystallites on nucleation is uncleasupport this notion was obtained in a metallic blend during

at this point. the late stages of spinodal decomposition. Since the scatter-

In previous studies, our group has demonstratedRhat ing intensity of the prequenched state will generally be lower
during liguid—liquid phase separation in blends of high mo-than that of the quenched state, there appears to be no
lecular weight polymers can be measured in reciprocal spacmechanism for a decrease in scatteringgatqg, within

by time-resolved small angle neutron scatteriS\NS).1®17  Cahn’s theory. In this case one would expect the scattering

The composition of the nuclei of binary incompressible lig- curves to merge afj., as shown in Fig. (), rather than

uids is specified by one parameter, namely, the concentratidntersect ag., as shown in Fig. (b). We may thus observe

of one of the components. We found that SANS profiles dura merging of scattering curveldmig. 1(a)] regardless of

ing the early stages of phase separation merged at a charaghether the mixture is phase separating by nucleation and

teristic scattering vectag., as shown schematically in Fig. growth or spinodal decomposition.

Intensity

\ 4

log(Intensity)

1(a). The formation and growth of structures with sRevill While we have provided plausible arguments for inter-
lead to a scattering increasegt 1/R. The composition of preting the merging of scattering curves in terms of a critical
the structuregrelative to the homogeneous backgroumnal length scale, we have not provided rigorous proof that this is

only effect the magnitude of the scattering increase. The timée case. One might argue, for instance, that the scattering
independence of the scattering intensitygatq. thus indi-  profiles that characterize the emerging phase separated struc-
cates the absence of growing structures with length scaldsrres(e.g., critical nucleiare much largefon an equal vol-
smaller than I, regardless of their composition. The size ume basis than that from the concentration fluctuations in
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TABLE I. Characteristics of polymers. TABLE II. Blend components and compositions.
Average Components
number
of Weight Sample A B bdevs
deuterium  averaged Bl PMB1 PEB1 0.161
atoms per molecular B2 PMB1 PEB1 0.099
Density 6 carbon weight Polydispersity B3 PMB2 PEB2 0.160
Polymer (g/cn?) atoms (g/mol) index Ry (nm)
PMB1  0.9300 7.33 1810° 1.07 16.7
PMB2 0.9192 6.26 1X10° 1.02 16.2
PEB1 0.8628 0 2210 1.08 16.6
PEB2  0.8637 0 2210° 1.08 16.6 dissolving the components in cyclohexane and then drying

the blends to a constant weight in a vacuum oven at 80 °C.
The volume fractions of PMB in the blends used in these

the prequenched mixture, and that this scattering signal is nGXPEriments are given in Table 1. Preliminary results of ki-
detected initially because the amount of phase separated magtiC experiments on blends B1 and B2 are given in Ref. 16.
terial is extremely small. In this scenario, the measured scaf<"€tic €xperiments performed on blend B3 have not been
tering profiles would become time-dependent when scattefreviously published. . _

ing from the phase separated structures begins to overwhelm Small angle neutron scattering experimenSANS)
the scattering from the homogeneous prequenched state. THIET® Performed on the NG3 beamline at the National Insti-
is depicted in Fig. (c), where the background scattering tute of Standards and Technology in Gaithersburg, MD, dur-
from the prequenched state is shown by the dashed curve afftf four 4-day experimental runs. The data acquisition pro-
t, is the time when the scattering from domains is first de-10C0IS were slightly different from run to run, due to changes
tected. The total scattering is then approximately given byimProvementsin the SANS instrument and a better under-
the sum of the scattering from the domafssslid curve in Standing of phase separation kinetics. _

Fig. 1(c)] and the backgroun@iashed curve If this were the The samples were housed in two d|ff§.rent versions of th.e
case, then the merge point would shift to largewith in- NIST pressure cell. The pressure (;ell utilized for the experi-
creasing time, as shown by the arrows in Fi¢)1This is ments on B1 and B2 is described in Ref. 44 and ha_q a pres-
because scattering from the domains occupies an increasiﬁ‘#re range of 0.01-1.00 kbar. The pressure cell utilized for
portion of the g-window with increasing time, due to in- 1€ €xperiments on B3 had a range of 0.03-3.10 kbar, as
creases in domain size and concentration. It is clear that thi€SCTibed in Ref. 45. The time required to change the sample

critical nucleus size can be obtained fragp only if g is pressurdi.e., reach within 1% of the target pressuranged
time-independent, as shown in Figal from 1 to 14 min for B1 and B2, and from 1 to 4 min for B3.

In this paper, we discuss the determinationggffrom The SANS data were obtained using two instrument con-

time-resolved SANS data obtained from binary p0|ymerfigurations, one with an incident neutron beam with wave-
blends quenched into the two-phase region of the phase difg"9th =6 A and the other with\=14 A (see Ref. 47 for
gram. We focus on off-critical blends near the limit of meta—d_eta"s' Thg scattgrlng data were collected u3|ng.a>12$8
stability due to our interest in studying the initial stages ofp'feI ’Bt\wo-dlimensilonal detector. The data obtained in the
nucleation. One of our objectives is to distinguish betweer{* =8 A configuration were corrected for background scatter-
the 3 scenarios shown in Fig. 1. We describe connection'9: €Mpty cell scattering, and detector sensitivity and con-

between our results and recent theoretical work on the theirted to absolute scattering intensityg), using methods
modynamics of binary polymer blends by Wang andand secondary standards described in Ref. 46. The time-

Wo0d 1239 In the paper that follow&® we analyze the time resolved data were obtained using m14 A cpnfigur.ation..
dependence of the scattering intensitygatq,. These pa- The data from the B1 and B2 blends in this F:onﬁgyratlon
pers are part of a series on the subject of phase separ‘é’-ere not corrected or con\{erted to absolute intensity. The
tion kinetics in polymer blend$-183233 Our early re- time-dependent SANS proﬂle@=14 A) of B3 were cor-
sultd718:32:33c0y1d not be compared directly with theory be- rected for background scattering, empty cell scattering, inco-

cause the experiments were conducted on multicomponerl??rem scattering and detector sensitivity and converted to

mixtures and theories on phase separation kinetics are largeRPSolute scattering intensity. The scaling fact(l)&r for convert-
restricted to binary mixtures. ing the corrected scattering intensity in the 14 A configu-

ration to absolute scattering intensity was obtained by match-
ing the SANS profile of the secondary standard in this
configuration to that obtained in the=6 A configuration, in

Nearly monodisperse model polyolefins were synthethe range ofy values accessible to both configuratiéh3he
sized following the methods given in Refs. 40—42. Partiallyscaling was confirmed by comparing the SANS profile mea-
deuterated polymethylbutylene®MB1 and PMB2 and sured from B3 in the single-phase region in both configura-
fully hydrogeneous polyethylbutylend®EB1 and PEBR tions. All of the scattering profiles were azimuthally symmet-
were synthesized and characterized using methods described. We thus report the azimuthally averaged scattering
in Refs. 43 and 47. The characteristics of the polymers aretensity as a function off [q=4 sin(6/2)/\, 6 is the scat-
given in Table I. Binary blends of PMB/PEB were made bytering angle.

Il. EXPERIMENT
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TABLE lIl. The dependence of on temperature at selected pressures for the B1 and B2 blends with a reference volume &f J60A B/T+ C/T?.

B1 B2 B3

Pressure

(kban A B(K) C(K? A B(K) C(K?) A B(K) C(K?
0.19 0.00181 ~1.402 355.33

0.27 000196  —1.543 387.96

0.34 000210  —1.666 416.52

0.38 000218  —1.736 432.84

0.43 0.00227 -1.824 453.24

051 000243  —1.964 485.88

0.86 0.00271 ~2.276 570.96 0.00168 ~1.405 378.30
1.00 0.00221 ~1.969 521.46

1.24 0.00117 ~1.108 343.12
1.66 0.000674 ~0.835 315.54
2.00 0.000275 ~0.613 293.21
3.10 ~0.00241 1.226 0

lll. EXPERIMENTAL RESULTS composition was within experimental erf3>48-51How-

| €ver,x determined from off-critical blends is subject to sub-
tantial errors(=20%) due mainly to uncertainties in mo-
lecular weight and instrument calibration. To minimize the
effect of these errors, the same blend used for the phase
separation experiments was also used to deterrgims a
function of T and P. At fixed pressure, we find that is a

i P — 2
of the quenches on the B2 blend were performed at 1.039‘?@“0 func'uolno (l)<fb ]]7C(X—A+BQT+C/TM2154§E5;/%:y
kbar. Quenches on B2 are thus referred to by the quenc igh pressures3. aJ C approaches zerG: €

temperature only. All of the quenches on the B1 and B3values ofA, B, andC at the relevant pressures for each of the
i lends are given in Table Ill. The other parameters required

blends were performed at the same temperature: 48 °C for Bli

and 58 °C for B3. Quenches on B1 and B3 are thus referregj computel(q) using Eq.(1) were obtained by methods
to by the quench pressure only escribed in Ref. 43 and are given in Table IV.

The samples were prepared for each phase separati}’n In Fig. 2@ we show SANS data obtained after each

The equilibrium thermodynamic properties of the PMB
PEB blends used in this study have been thoroughl
investigated**>48-0The pressure dependence of the mean
field binodal (T,) and spinodal Ts) temperatures of the
blends were calculated using Flory—Huggins thé8fy.
Most of our quenches were located betwd@gnand T. All

experiment using a two-step procedure: a homogenizatio omogenization of B3 at 106 c and 0.03 Kbar. It is evident
step followed by a cooling step. The homogenization ste rom Fig. 2a) that all of the profiles obtained after homog-

. : : nization are within experimental error. Also shown in Fig.
consisted of heating the sample well above the binodal at th . . o
lowest accessible pressuf@09°C and 0.01 kbar for B1, (a) is the theoretical (q) of the blend calculated at 106 °C

79°C and 0.01 kbar for B2. and 106 °C and 0.03 kbar forand 0.03 kbafsolid curve, which is in good agreement with

B3) for a minimum of 15 min, to erase the effect of thermal the data. After homogenization, the sample was then cooled

and pressure history. For each blend, homogenization wa%t 0.03 kbar to 58 °C. The data obtained after the cooling step

then verified by ensuring that the measured SANS profiles gre shown in Fig. @). Again we find reasonfa\ble agreement
the end of each homogenization step were the same. For B etween the data sets and the RPA calculation at 0.03 kbar to

we compared the measurb@)) with theoretical predictions, ? C(sfc;hd tchurve, |?d|catt|ng tlrla.t no phatse ts;aparattlotr;]tetlli(ra]s
based on the random phase approximatieRA),* place after the cooling step. 1t IS important 1o note that the
, agreement between theory and experiment seen in Figs. 2
b, b,

1 1 2x\ 7t and 2b) is obtained without any adjustable parameters. The
l(g)=|——— - = : i :
vy V2] \Nw1diP1(@)  NovagoPo(Q)  vo increased scatter in the data in Figb@is due to a change in
hereb: is th " ttering lenath of th . SANS instrument configuration for the phase separation ex-
whereb; 1S the neutron scattering length ot the monomer Inperiments that commence right after the cooling step.
polymer chaini with a monomer volume;, N; is the num-

ber of its with | . | haini Phase separation was initiated at time zdre @) by a
€r of monomer units with- a voiums in polymer chain, command to the pressure controller. The time dependence of
¢; is the volume fraction of polymer, P; is the Debye

function of polymer chain, y is the Flory—Huggins interac- the SANS profiles obtained during phase separation from

tion parameter, and, is a reference volume, which for this
work is equal to 100 A The Debye function is given by TABLE IV. Parameters used for RPA and pseudospinodal calculations.

p (Q)_ 2 (efX-I—X 1) (2) Parameter PMB1 PMB2 PEB1 PEB2
i ) - 3
X N; 2465 2312 2630 2630
where X:qZRSii RSi:Niliz,ref/G and | . is the statistical i (A3/m020me} 136.2 136.1 162.0 162.0
segment length of polymer I‘bfe'(/(&)) 5 958>'<2f074 4 goii%ﬂl _4 gzgffofs _4 9;;91%75
Previous work on PMB/PEB blends indicated that the |ii &) 500 .00 "o eg ~oes

dependence of on component molecular weight and blend
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140 (a) B3, T=106 °C, P = 0.03 kbar again ¢>444 min). In Ref. 17, we argued that the rapid
[T increase seen ihin the very early stages of phase separation
in shallow quenches is due to the fact that a finite amount of

120 |

i : time is required for the fluctuations to adjust to a change in
100 | . pressure. We thus called this the fluctuation relaxation stage.
i 1 The end of the fluctuation relaxation stage was determined
“-'; 80 | ] by aleast-squares two lines proceduiEhe procedure is as
L I ] follows: the data at<444 min were divided into two groups
— 60 ] : . .
) 1 (short time and long timeand the best least-squares lines
40 & h were drawn through the two data sets. The point of division
[ ] between the short time and long time regimes was varied
20 | . systematically. The pair of lines, which minimized the sum
A s e of the square of the residuals, was chosen to describe the
%.06' 065 '0'.'10 015 020 095 036 035 040 data. The end of the fluctuation relaxation stage is the time of
1 the first data point in the long time group and is indicated by
q (am™) 7¢ in Fig. 4(@). We observed this fluctuation relaxation pro-
(b) B3, T = 58 °C, P = 0.03 kbar cess only in the shallowest quencheés., quenches on the
350 1T ) BZsampIeto45°C,40°C,35°@,andthe1.24kbarquench
; o ] on the B3 blenyl where phase separation happens relatively
300 ¢ o ] slowly. In the deeper quenches, it is likely that this process is
[ ] overwhelmed by rapid phase separation. An example of such
250 - % N ] data is shown in Fig. @) where we show data obtained from
200 E D% a ] one of the quenches on B2 at 35°C. Here we see an early
g _ ZD° ] stage wherd increases slowly with timet&280 min) fol-
= 150 F e o . . lowed by a late stage whereincreases rapidly with time
f n ] (t>280 min). Since we are interested in studying the early
100 ¢ Dy, o E stages of phase separation, we do not discuss the data at
so b a O@ % W%ﬁ?}%; < 7¢ in the remainder of this paper.
[ 0o The crossover from the early stage wherécreases
P S N A 1 1= R G slowly with time to the late stage whefteincreases rapidly
0.00 0.02 004 006 0.08 0.10 0.12 0.14 with time is more gradual than the crossover from the fluc-
q(m") tuation relaxation stage to the early stagee Fig. 4 The

ime signifying the end of th rl is given th mbol
FIG. 2. The scattering intensit, vs q for the B3 blend after homogeniza- t eV?/g fy gt ;_e d (f) I} € e_aWy s#age sgve the Sy bo
tion at (a) 106 °C and 0.03 kbar, angh) 58 °C and 0.03 kbar just before 7E - € eStﬂqate e as follows: We first CompUtﬂe mean

initiating the pressure quench. Circles: 0.86 kbar, diamonds: 1.24 kbaintensity, I(t), and the standard deviation abdit) at g
pluses: 1.66 kbar, triangles: 2.00 kbar, and squares: 3.10 kbar quench. The 9.021 nm 1' og, defined as
solid curves were calculated using Ed).

SGITORITONG
selected quenches are shown in Fig. 3. In Fig) &e show oe= - (3)
n-1

typical data obtained during deep quenciiB4, P=0.86

kban. Here the scattering intensity increases rapidly and a

peak is seen to develop gt=0.035nm L. In contrast, ex- for atleast 5 data points:e5). The sum of the average plus

periments at intermediate quench depths led to scattering Standard deviations about the me&gs=1(t) + 20 is cal-

profiles that are monotonic functions gf An example of culated. The next data point is then added to the set @nd

this is shown in Fig. &) where we show data obtained from og, and thusS, are recalculated. If the value bft) for the

B1 during the 0.19 kbar quench. Data obtained from a verynew data point is smaller the®,, another point is added to

shallow quench is shown in Fig(& where we show data the set and the procedure repeated. If the valugtdffor the

from B2 at 45 °C. Here we see only a slight increase in thenew data point and for all times larger thais larger than

low q scattering §¢<0.030 nm'!). Decreasing the quench S,, then the previous point is designategd, the end of the

depth further results in no phase separation. This is shown inucleation stage. The value of thus obtained for B2 at

Fig. 3(d) where we show data obtained from B2 at 65 °C,40 °C and 35 °C are shown in Figgafand 4b). The dashed

where the scattering curves &t 3 and 975 min are within lines in these figures represent 2 standard deviations above

experimental error. and belowl (t) during the early stage of phase separation.
The time dependence of the intensity, at q We refer to this procedure for identifying the cross-over as

=0.021 nm'%, the lowest accessiblg for the 40 °C quench the standard deviation procedure

on the B2 sample is shown in Fig@}. We see three distinct In Fig. 5 we show the quench depth dependencegof

stages: a stage wherk increases rapidly t&92 min),  for the blends from the quenches into the metastable region

followed by a stage wherd increases slowly (92t of the phase diagram only. We have ugég to indicate the

<444 min), and finally a stage whereinincreases rapidly quench depth, wherg is the Flory—Huggins interaction pa-
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(a) B1, P = 0.86 kbar () B2, T=45 °C
100 T

10000

2 min
22 min
42 min

>oO0

1000 ¢

I(a.u)
I{a.u)
=

100 ¢

O 6min qc
o 607 m@n
0 © 9% min l FIG. 3. The time dependent scattering
0.01 0.20 ! intensity, |, vs g obtained from the B1
-1 0.01 0.10 0.20
q(m”) : q (o™ : - sample at 48 °C an@) 0.86 kbar, and
(b) 0.19 kbar and the B2 blend at 1.00
(b) B1, P = 0.19 kbar (d)B2, T=65°C kbar and(c) 45 °C, and(d) 65 °C. The
10000 . - 100 i arrows indicate the location @f, dur-
2 32"“,;},, ing the early stage of phase separation.
2o, © 124 min
+++iAA + 145 min
1000 | oooog+4\ A 166 min |-

I(au)

100 ¢

3 min °
302 min
669 min
975 min
10 1 L

0.01 0.10 0.20 0.01 0.10 0.20

q (nm") q (ﬂm-l)

+o00

rameter at thé andP values at which the phase separationd|/dt is large at lowg, decreases rapidly with increasing
experiments were carried out, ardis the value ofy at the  4nd fluctuates near zero at highin the absence of noise, we
spinodal computed at the quench pressfifEhe correspon-  \yould expectd1/dt to be identically zero atj>q_.

dence between the quentrandP, andy/ x for each of the To obtain the first estimate af,, which we callqe;,
blends is given in Table V. It is evident in Fig. 5 that to a ye yse the same standard deviation procedure as was
reasonable approximationg decreases exponentially with ,5ed to estimater=. We calculateS, for 0.11 nml=q
increasing quench depth. The curve through the data is the g 10 nnt! and then add subsequent data points as we

least-squares fit of an empirical equation, move from high to lowg.>® The location ofg; is designated
e X as theq, wheredl/dt at all g=<q.; is greater thars, for q
T—Ozex;{—E X——l —1. (4)  >qc . In Fig. 6b), the dashed lines above and below the
S

high q data represent 2 standard deviations above and below
Since nucleation is an activated process, the time to cross thee meand|/dt for g>q.,;. The second estimate af,,
activation barrier, 7g, should depend exponentially on which we callq,,, is obtained by the least-squares two lines
quench depth. At the spinoday € xs), the barrier for nucle-  procedurgthe same method that was used to determigje
ation should vanish and: should approach a microscopic The solid lines in Fig. @) show the results of this
time scale that is much smaller than experimentally accesprocedure?’ The location of the intersection of the two lines
sible time scales. Thus is set to zero aj= xs in EQ.(4).  gives q.,. The third method was also based on the least-
In Eq. (4), E is a parameter that relates the quench depth tgquares two lines procedure except the slope of the second
the nucleation barrier. The fit in Fig. 5 giveg=28.8 min  Jine, used to fit the highy data, was set to zero. The solid
andE=10.7. lines in the inset in Fig. @) show the results of this proce-

We now focus exclusively on the scattering data ob-dure. The arrows in Fig.(B) and the inset indicate the loca-
tained during the early stage of phase separation defined &sn of q.;, q.,, andggs.
t<7g, or fpst<re if 7¢>0. A visual examination of the We also used the standard deviation procedure to obtain
data in Figs. 89-3(c) suggests that there exists a critical three additional estimates @f,. We calculatedo(q), the
scattering vector, such thatl increases with time aj  standard deviation df at eachq during the early stage,
<. and| is independent of time aj>q.. These critical —
scattering vectors are shown by arrows in Fig. 3. We now E:E[|(t)—|(t)]2
describe the procedure that was used to arrivg,at o(q)= _— (5)

A least-squares line was used to describe the time depen- m—1
dence ofl at all g during the early stage. In Fig.(® we  wherel(q,t) is the intensity at each time during the early
show an example of such data, obtained from B3Pat stage for a giverg, 1(q,t) is the mean intensity at thaf
=1.66 kbar. The slope of these lines givd$/dt. The during the early stage, aneh is the number of scattering
g-dependence afil/dt, is shown in Fig. @). We find that  profiles measured during the early stage. Theéependence
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FIG. 5. The quench depth dependencergfor B1, B2, and B3. The solid
(b)B2, T=35°C curve through the data is the best least-squares fiz 6fo=exd —B(x/xs
90 [T T T T T T T T T T T —1)]-1, wherery=28.8 min andB=10.7.
O A
© 0021 nm” ]
80 o 7 ] ] ) ]
- . © ] We obtained six estimates gf by repeating the above
70 | E . described procedures on all of the data sets. In most cases,
R i o © 1 the least-squares two lines procedure with varying slopes
3 L ] gave the smallest. (9., andqcs), while the standard de-
= . o 00O © viation prpcedures gave the .Iargest vaIucqptqu andqcy)-
soF 0 © 2o 0 ] The locations ofj; as determined from these six methods are
[ OO o° ; then averaged to yield our best estimateqgf it is this
40 _%&P o 1 averagedj. that is shown by the arrows in Fig. 3.
D 1 Until this point we have focused on the data obtained
303“”1”.”””,”‘ T duringtheegrlystagesofpha}seseparation.Westoppedmost
0 50 100 150 200 250 300 350 400 of our experiments when rapid phase separation bégan

neart=rg). However, in a few cases, e.g., B1 at 0.34 kbar,
phase separation was allowed to proceed well past the early
FIG. 4. The scattering intensity, vs time atq=0.021nm* for () the  stage. Figure @) shows scattering profiles at selected times
40 °C and(b) a 35 °C quench on the B2 sample. The dashed lines are equiained during this experiment; for this quench is 58 min
to twice the standard deviation about the mean intensity during the early . . L .
stage. The arrows indicate , the end of the fluctuation relaxation std¢a andqc Obtallned !Oy the methOd_s g'V?” abo‘(e IS 'nd.'cated In
only], and ¢, the end of the early stage. Fig. 8(a). It is evident from a visual inspection of Fig(s
that the merge points, as indicated by the arrows>atg
become time dependent. To quantify the change in the merge
of ¢ for the 1.66 kbar quench on B3 is shown in Fig. 7. Wepoint with time, we calculated !, the difference between
used the standard deviation procedureydq) to obtaing.,, the scattering intensity at a given tinmé€t), and the scatter-
the least-squares two lines procedure to estimggjeand the ing intensity at the first time data was recordeldt
least-squares two lines procedure with zero slope to obtairr 2 min). We used the standard deviation method on the
ges- The results of these procedures on the B2 data at 1.6G-dependence oAl to obtain theq value at which thd (t)
kbar are shown by the arrows in Fig. 7. data merged with thé(t=2 min) data. We use the symbol

t (min)

TABLE V. Value of x/ x for each quench.

B1 B2 B3

Quench Quench Quench Quench Quench Quench

T (°0) P (kbap XIxs T(°0) P (kba XIXs T(°0) P (kbap XIxs
48 0.19 0.83 65 1.00 0.55 58 0.86 0.75
48 0.27 0.86 45 1.00 0.68 58 1.24 0.81
48 0.34 0.89 40 1.00 0.71 58 1.66 0.87
48 0.38 0.90 35 1.00 0.76 58 2.00 0.92
48 0.43 0.92 58 3.10 1.05
48 0.51 0.95
48 0.86 1.06
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(a) B3, P =1.66 kbar B3, P =1.66 kbar
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5 (b) B3, P = 1.66 kbar FIG. 7. Theg-dependence of, the standard deviation éfduring the early
T stage at a given for the 1.66 kbar quench on B3. The locationcgf, was
S g T determined using the standard deviation procedure. The dashed lines are
41 “o twice the standard deviation of the mean intensityatg., . The solid lines
[ are the best two least-squares lines going through the data. The intersection
3t of these lines yields the location gfs. Inset: Theg-dependence of for
b the 1.66 kbar quench on B3. The solid lines through the data are the best two
least-squares lines where the slope of the line through thechilitia equals
dli7dt 5 C F 1 zero. The intersection of these lines yielglg .
1 -1 TS IR N N S NN DTN S |
X 0.02 0.04 006 ,0.08 0.10
1k q (nm™)
0 3 ,T T - ] scatte_ring cuélrves atl, was not evident in any of our
g a ] experiments!
2
1 2 1 2 1 L (: L cl1 i t 2 EH 1 1

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11

-
q (pm) IV. DEPENDENCE OF g, ON QUENCH DEPTH

FIG. 6. (a) The time dependence of the scattering intensjtat selected llowi h . in th . .
for the 1.66 kbar quench on B3. The lines are the best least-squares linear Following the arguments given in the Introduction and in

fits through the data. The slope of the line yieldd/dt. () The Refs. 16 and 17, we define the critical length scRe
g-dependence adl/dt for the 1.66 kbar quench on B3. The locationggf :1/qc_ In Fig. 9 we show the dependence of the critical
was determined using Fhe_ standard deviaFion prpcedure. The da;he_d lines qéehgth scale on quench depth by plotting,(R )2 versus
twice the standard deviation of the mean intensitgafg., . The solid lines A .
are the best two least-squares lines going through the data. The intersecti&()(s for all three blends, \_Nher_eg , the radius of gyration of
of these lines yields the location qf,. Inset: Theg-dependence odi/dt  the homopolymers used in this work, equalstlisnm. The
for the 1.66 kbar quench on B3. The solid lines through the data are the begirror bars shown in Fig. 9 are calculated from the standard
two Ieast-squares_ lines wh_ere the slopc_a of th_e line through thechagta deviation of the sixq. values determined by the methods
equals zero. The intersection of these lines yigjgs given in the preceding section.
Cahn and Hilliard developed an extension of the classi-

) ) ] cal nucleation theory for metastable systems very close to the
OUmergetO describe thigj value. The time dependence®fege  spinodal curvé. They found that in order for spontaneous
thus obtained frog; sample B1 quenched to 0.34 kbar igrowth of the new phase to occur, the initial nuclei were
shown in Fig. &).> It is evident thatmergeis more-or-less  required to exceed a critical size. However unlike in the clas-
time independent fot<7g, andQmerge iNCreases with time - gjca) theory, the initial nuclei in Cahn and Hilliard’s theory
for t>7g. We thus see that the changes in SANS profilegjig not have the same composition as the composition of the
during the early stages{ 7¢) are similar to those depicted e\ stable phase nor was it uniform. Their theory provided
in Fig. 1a). This enables the determination of a time- qyations for the dependence of both the critical size and
independent critical scattering vectqg. As phase separa- composition of the initial nuclei on quench depth close to the

tion proceeds, the scattering from the phase separated St'Ussinodal curve. The equation for the dependenc&®obn
ture overwhelms the scattering from concentrationquench depth by Cahn and Hilliar#®

fluctuations at=0 and we observe the scattering signature
described in Fig. (k). In this stage, the merging of scattering Rq 2 [2xN)\? 1- 11 /1_ 2
curves is of little significance since it only reflects the R,/ |0.73 $(1=4) 2 2 xN ¢
value at which the scattering from the two-phase structure
/ 2
1- X_N> (x/xs<1, i.e., nucleation(6)

equals the scattering from the background. The scattering %
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_ FIG. 9. A plot of (Rg/RC)2 vs quench depthy/ys, for all three blends
0.10 (b) B1, P = 0.34 kbar whereRy is the radius of gyration of the polymeR, is the critical length
U " T Tt scale for the developing two-phase structyyés the Flory—Huggins inter-
r 1 action parameter at the quenghand P, and x, is the Flory—Huggins pa-
0.09 - . rameter at the spinodal. The error bars Ry (R.)? are due to the error in
[ ] the location ofg.. The solid lines are the best least-squares linear fits
0.08 [ ] through the data. The dashed curves are the theoretical predictions for blend
- [ ] B2 [Egs.(6) and(7)]. The arrows indicate the value gf x at the binodal
g 0.07 [ ] for the three blends.
2
< 0.06 F ]
0.05 ] x! xs WhereR; may diverge. These estimates are 0.68 for B1,
' T ] 0.60 for B2, and 0.68 for B3 and are indicated by the arrows
004 1 N : inFg.9. : .
10 100 200 The data in Fig. 9 indicate that either the theories of
t (min) phase separation kinetics of polymer blends in metastable

FIG. 8. (a) The SANS profiles obtained during the phase separation experi-and unstable systems are incorrect or that the equilibrium

ment at 0.34 kbar on the B1 sample at selected times. The arrows indicafd’Operties of POlymer blends are not as well understood as
the location of the merge point at each tinfe) The time dependence of commonly believed. The phase diagrams for the blends used

Omerge fOr the 0.34 kbar quen(_:h on B1. The arrow indicates the end of thejn this work were calculated using the Flory—Huggins theory
early stage of phase separation. using parameters given in Tables lll and 3.5 The result-
ing binodal and spinodal curves are shownxN versus
dpmp format in Figs. 10a) and 1@b). The experimental sig-
The composition of the initial structures formed during phasehatures and significance of these curves is discussed in Refs.
separation is outside the scope of this work, and thus thi§4 and 45.
aspect of the theory is not addressed. It is recognized that mean-field theories such as the
For systems located in the unstable region of the phasklory—Huggins theory are limited to systems where the ef-
diagram where phase separation occurs by spinodal decorfects of concentration fluctuations are negligible. Mean-field

position, Cahn predicted tHfat theories thus break down near the spinddatves labeled S
in Fig. 10, the locus of points where the characteristic length
Ry 2 X and amplitude of the concentration fluctuations are predicted
(R_c> _3()(_5_1) to diverge. The Ginzburg numbé6i) is a measure of the

relative importance of concentration fluctuations on
(x/xs<>1, ie., spinodal decompositipn (7)  thermodynamic§®® For high molecular weight polymers,
de Gennes showed that -G1/N, which suggests that Gi is
The dashed curves in Fig. 9 are the theoretical predictiosmall for largeN.®® This led to the conclusion that mean-field
for the dependence otT%(J/RC)2 on quench depth using Eqgs. behavior was expected in polymer blends except for very
(6) and(7).%8 It is evident that the Cahn—Hilliard theory pre- thin regions near the spinodéhe “width” of these regions
dicts thatR, increases with increasing quench depth in theis of order 1N). The validity of this conclusion rests on the
nucleation regimex/ ys>1). This leads to a discontinuity at answers to the following question&:) What is the value of
the spinodal. In contrast, we find thBt decreases with in- N at which the de Gennes scaling is obtain€)Vhat is the
creasing quench depth, and there is no discontinuity at thprefactor of the Gi-1/N scaling?
spinodal(Fig. 9. The solid lines through our experimental Wang and Wootf**conducted a systematic study of the
measurements in Fig. 9 are least-squares linear fits. Extrapoifluence of concentration fluctuations on the phase diagram
lations based on these fits give experimental estimates aff polymer blends?® They calculated the characteristics of
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(a) [
6 L/ A EL A et S S S S ERRS S S A 12
o : Xm|=Xs[ 1—2-5(?

(V1Vy) 3
V2

{((1—¢1>2v2—¢%v1>2 e

X , 8
$1(1—h1)V1V,

where Vi=Njv;, 1i=V;/R%, V=¢V;+(1—¢)V,, |

=¢l1+(1—¢1)l,, R; is the end-to-end distance of poly-
meri and is given byR?=N;I? ;. The curve labeled M in
Fig. 10 is the metastability limity,,N vs ¢pyg), calculated
using Eq.(8). All of the parameters required to compute the
I ] metastability limit have been measured independently and
T S S S S TR are given in Table IV.
0.0 0.2 0.4 0.6 0.8 1.0 The relationship betweely,, and our experiments is
shown in Fig. 10. The solid diamonds indicate the values of
xN for each of the quenches where we observed phase sepa-
b ration. All of these quenches are deeper than the calculated
6 metastability limit®® The values ofyN for the two quenches
v : where we did not observe phase separation, during the time
' scale of our experimentd8 h), are shown by the open dia-
monds. These two quenches are shallower than the metasta-
bility limit. Thus, the theoretical and experimental metasta-
bility limits are in quantitative agreementhis agreement,
which was also noted by Wang in Ref. 39, is obtained with-
out any adjustable parameters. The terms pseudospinodal and
metstability limit are thus interchangeable. It is worth noting
that the experimental conclusions are basedioetic data
obtained from quenchegeeperthan the metastability limit,
while the theory only addresses taquilibrium properties of
systems at quench depths that ahallowerthan the meta-

PMBI

It stability limit. The values ofyN, whereR; diverges®’ indi-
0.0 0.2 0-4¢ 0.6 0.8 1.0 cated by the plus signs in Fig. 10, lie between the binodal
PMB2 and the metastability limit.
FIG. 10. The calculategN—¢ phase diagrams for th@) B1 and B2, and The Wang—Wood theory provides an explanation for the

(b) B3 blends wheré\=3809 for(a) andN=23704 for(b). The solid curve ~ departure between theory and experiment seen in Fig. 9.
(B) is the mean-field binodal curve, the dashed cuSkis the mean-field Since our phase Separation experiments were conducted in

spinodal curve, and the dot—dashed cufi) is the metastability limit - . . . .
proposed by Wang and WooRefs. 12, 39 The values ofyN for the the regime where the Ginzburg number is large, the kinetics

quenches where phase separation was observed and where it was not &H- p.hase separation m'USt be e_ﬁeCted by Concentration fluc-
served are indicated by the solid and open diamonds, respectively. Thilations. Such fluctuation-mediated phase separation is out-

pluses indicate thoN value whereR; diverges, as determined from the gjde the scope of the Cahn—Hilliard theBﬁiA detailed

lines in Fig. 9. understanding of the dependence of the critical length scales
on quench deptltiFig. 9 requires theories that capture the
role of fluctuations during phase separation in systems be-

blends with¢;=0.16 andN~ 3000(corresponding to blends yond the metastability limit,

B1 and B3 and found that(1) the onset of the Gi1/N
scaling occurs only aN>10°, and(2) the prefactor in the
Gi~1/N scaling law is of order 10 They thus provided
guantitative answers for the two questions raised above. The main purpose of this study was to use blends of high
These answers lead to the surprising conclusion that the rol@olecular weight polymers as model systems for studying
of fluctuations is important over wide regions of the phasethe initial stages of nucleation in metastable systems. We
diagram of high molecular weight polymer blend& ( found that the scattering signature for the critical length
~3000). In the Wang—Wood theory, the length sc@ad scale,R;, of the initial structures formed during phase sepa-
amplitude of the concentration fluctuations reach a finite ration was a time independent critical scattering vedaer,
maximum at finite quench depths below the binodal. TheandR.=1/q.. We have established methods for determining
locus of points corresponds to this maximum, is called ther.. We found thatR. decreases wittdecreasingquench
pseudospinodal in Ref. 39. The pseudospinodal is thus intedepth and diverged between the binodal and spinodal curves.
preted as the limit of metastability for a binary polymer This result is not in agreement with well-established classical
blend. The analytical expression fgg, (x at the metastabil- theories dealing with polymer blend thermodynamics and
ity limit) is>® phase separation kinetics. The reason for the lack of agree-

V. CONCLUDING REMARKS
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